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The  cell-surface  glycoprotein CD36 interacts with a 
large variety of ligands, including collagen  types I and 
IV, thrombospondin, erythrocytes parasitized with Plus- 
d i u m  fakiparum, platelet-agglut~ating protein p37, 
oxidized low density  lipoprotein, and long-chain fatty 
acids. Its expression is restricted to platelets, mono- 
cytes,  adipocytes, and some endothelial and epithelial 
cells and is regulated during cell  activation,  differentia- 
tion, and development. CD36 belongs  to a novel  gene 
family of structurally related glycoproteins that in- 
cludes CLA-1 and the lysosomal  membrane  glycoprotein 
LIMPII.  To advance our knowledge  on the genomic or- 
ganization and the regulation of the cellular expression 
of the genes of this family,  we have  investigated the 
structural organization of the human CD36 gene and of 
its 5’-proximal  flanking  region.  The CD36 gene is en- 
coded  by  15  exons that extend  more than 32 kilobases  on 
the human  genome.  Interestingly, the CD36 mRNA 5’- 
untranslated region is encoded by three exons.  The 3’- 
untranslated region is contained in two  exons,  whose 
expression pattern can originate two mRNA forms. The 
cytoplasmic and transmembrane  regions  predicted at 
both terminal ends of the polypeptide chain are encoded 
by single  exons,  while the extracellular domain is en- 
coded  by 11 exons.  The transcription initiation site of 
the CD36 gene is located 289 nucleotides  upstream  from 
the translational start codon.  Sequence  analysis of the 
proximal  S’-flanking  region of the gene  reveals the ex- 
istence of a TATAbox appropriately located  with  respect 
to the transcription initiation site and several potential 
cis-regulatory  elements that might contribute to the 
transcriptional regulation of the CD36 gene.  Delineation 
of the structural organization of the CD36 gene may help 
in defining the boundaries of relevant structural and/or 
functional  domains in CD36 and, by  extension, in the 
other members of the family. 

CD36 is a cell-surface glycoprotein composed of a single 
polypeptide chain whose size ranges, depending on the cell 
type, from 78 to 88 kDa (50-kDa deglycosylated~ (1, 2). CD36 
glycoprotein is predicted to possess two transmembrane do- 
mains  spanning residues 7-34 and 440-466, two short cyto- 
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plasmic tails a t  both the NH,- and COOH-terminal ends (ex- 
tending  residues 1-6 and 467-472, respectively), and a large 
highly glycosylated extracelluiar domain comprising residues 
35439 (2,3). 

A multiplicity of interactions and functions have been as- 
cribed to CD36. Briefly, CD36 acts  as a receptor for the extra- 
cellular  matrix glycoproteins thrombospondin (4-9) and eolla- 
gen types I (10, 11) and SV (9). These interactions can 
participate in  the modulation of phenomena such as platelet 
aggregation, platelet-monocyte interactions,  retention of im- 
mature cells in bone  marrow, and ingestion of apoptotic neu- 
trophils by macrophages (4-12). CD36 mediates some of the 
adhesive properties of the erythrocytes parasitized with Plas- 
modium falciparum to the postcapillary venular endothelium 
(2, 13,  14). By this mechanism, parasitized erythrocytes evade 
their elimination in  the spleen, facilitating red blood cell inva- 
sion and therefore parasite survival. CD36 has been implicated 
in  the  transport of long-chain fatty acids (15) and in  the binding 
to  oxidized low density lipoprotein (16). This low density li- 
poprotein-modified  form has been shown to play a central role 
in  the development of atherosclerotic lesions (17, 18). CD36 
also interacts with the platelet-agglutinating protein p37, caus- 
ing platelet aggregation. Such interaction may be of signifi- 
cance in thrombotic thrombocytopenic purpura (19, 20). Fi- 
nally, physical association of CD36 with the scr family tyrosine 
kinases fin, lyn, and yes  (21) might explain the involvement of 
CD36 in signal transduction (22-25). 

CD36 expression is  restricted to platelets (where it initially 
was designated as glycoprotein IV), monocytes, some endothe- 
lial cells, mammary epithelial cells, adipocytes, activated kera- 
tinocytes, erythrocytes, and some tumor cell lines (1, 2, 13, 
26-31). Expression levels of CD36 vary  in some myeloprolifera- 
tive disorders (32) and during the differentiation of some cell 
types. In  this context, CD36 expression is induced during  the 
differentiation of promonocytes to monocytes and macrophages 
1331, promegakaryocytes to platelets (331, and preadipocytes to 
adipocytes (15) and practically disappears  during the differen- 
tiation of erythroblasts to erythrocytes (33). Thus, expression of 
the CD36 gene is subjected to both developmen~l  and tissue- 
specific regulation. 

CD36 and  the recently characterized structurally related gly- 
coproteins CLA-1 and LIMPII are members of a novel gene 
family (3, 34). The organization of the genes encoding these 
glycoproteins is not presently known. 

Elucidation of the  structural organization of the CD36 gene 
may be helpful for the definition of structural and/or functional 
domains of CD36 and related glycoproteins and will  provide a 
starting point to unravel the molecular mechanisms controlling 
the tissue specificity of CD36 and its expression during cell 
activation and differentiation. 

We have recently assigned the human CD36 gene to band 
q11.2 of chromosome 7 (35). In  this paper, we describe the 
structural organization of the  human CD36 gene, the identifi- 
cation of its transcriptional start site,  and the  structure of the 
proximal region of its promoter. 
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EXPERIMENTAL  PROCEDURES 
5'-RA.CE1-PCR 

Single-stranded cDNA was synthesized at 42  "C  for 1 h and 52  "C  for 
30 min from 4 pg of total RNA from the melanoma  cell line C32 (13) 
using the CD36-specific  oligonucleotide P1 (TGTGAAGTTGTCAGC- 
CTC). P1 spans nucleotides  618-601 of the published CD36  cDNA se- 
quence (2). M e r  removal of free oligonucleotide by centrifugation over 
Centricon 100, the sample was lyophilized and resuspended in 20 pl of 
water. 10 p1  of the synthesized cDNA were  poly(A)-tailed with 10 units 
of terminal transferase  in  the presence of 0.2 mM dATP at  37  "C  for 5 
min and 65 "C for 5 min. Vso of the above reaction mixture was added  to 
a PCR mixture containing oligonucleotide P1 (antisense)  and  an oli- 
go(dT)-adapter (GACTCGAGTCGACATCGAT,,, sense); incubated at  
94  "C for 2 min, 42  "C  for 5 min, and 72  "C  for 30 min; and amplified in 
a thermal cycler as follows:  94  "C for 30 s, 50 "C for 1 min, and 72  "C  for 
1 min  for 35 cycles with a 2-s extension per cycle. 1 pl of the above PCR 
reaction mixture was amplified by  PCR using primer P2 (GCTGCTGT- 
TCATCATCAC, antisense, spanning nucleotides  453-436 of  CD36 
cDNA) and an oligo-adapter (GACTCGAGTCGACATCG, sense) accord- 
ing to the following thermal cycle: 94 "C for 30 s, 50 "C for  30 s, and 
72 "C for 2 min for 30 cycles with a 2-s extension per cycle. ~ p l i ~ e d  
products were separated by gel electrophoresis, cut from the gel, and 
ligated to  the pGEM-3T vector (Promega), and  the mixture was used to 
transform competent Escherichia coli DH5a cells. Several colonies  were 
randomly selected and sequenced. 

3"RA.CE-PCR 
Single-stranded cDNA was synthesized at  42 "C for 1 h and 52  "C for 

30 min from 2 pg of total RNA  from the melanoma cell line C32 using 
the oligo(dT)-adapter (see above). VIOO of the above reaction mixture was 
incubated at  94 "C for 2 min, 55 "C for 5 min, and 72 "C for 30 min in a 
PCR mixture containing oligonucleotide P3 (GACAACTATTGTTTCTG- 
CACAG, derived from nucleotide fragment 1132-1153  of  CD36  cDNA) 
and the oligo-adapter (see '%'-RACE-PCR"). This mixture was amplified 
as follows:  94  "C for 30 s, 55 "C for  30 s, and 72  "C  for 2 min  for 35 cycles 
with a 2-s extension per cycle.  1/100 of the above  PCR reaction mixture 
was again amplified by  PCR using oligonucleotide P4 (TTCTGTATG- 
CAAGTCCTG, derived  from  CD36  cDNA and spanning nucleotides 
1247-1264) and  the oligo-adapter according  to the following thermal 
cycle:  94  "C  for  30 s, 48  "C  for  30 s and 72  "C  for 2 min for  30  cycles with 

for 5"RACE-PCR. 
a 2-s extension per  cycle.  Amplified products were treated as described 

Isolation of Human CD36 Genomic Clones 
Isolation of YACs Containing CD36 Gene-Screening of a human 

genomic DNA  YAC library (36), generously provided  by the Centre 
d'Etude du Polymorphisme Humain, was carried out by  PCR using the 
conditions and reagents previously  described  for the identification of 
the chromosome that encoded the CD36 gene (35). Procedures to handle 
and isolate DNA  from  YACs were as described (37). 

Screening of Human Genomic  DNA Phage Libraries-The  5"RACE- 
PCR fragment obtained as previously  described (containing the 5'-un- 
translated region of the CD36  cDNA) and a PCR fragment amplified 
with a pair of oligonucleotides  covering  nucleotides 212-334 of the 
published CD36  cDNA sequence (2) were independently used as probes 
to screen 2 x lo5 phage clones of an EcoRI-digested human genomic 
library in X phage Charon 21A and specific to chromosome 7 (ATCC 
57722). CD36  eDNA (2) was used as a probe to screen 5 x 105 phage 
clones of a human placenta genomic  AEMBL3 library (CLONTECH).  All 
hybridizations were carried out according to standard procedures. 

SI Nuelease Anatysis-The  region  comprising  nucleotides  -267 to 
+43, relative to  the transcriptional start site as determined by the 
S'-RACE-PCR experiments, was obtained by  PCR using oligonucleo- 
tides P5 ( G A ~ T C G A G ~ ~ A C ~ A C T T ~ A T ~ ,  sense) and P6 
( G G T C T C G A ~ A T C ~ T ~ T A ~ C T G C A G G ,  antisense). Oligo- 
nucleotide P5 spans nucleotides -267 to -249  of the 5'-flanking region 
of the CD36 gene.  Oligonucleotide P6 was complementary to positions 
+43 to +23.  Both  oligonucleotides contained, a t  their 5'-ends, an XhoI 
recognition sequence preceded hy 3 nucleotides to facilitate restriction 
enzyme  cleavage. PCR was carried out with 20  pg of the XCh21ACD36.1 
insert according to the following thermal cycle: 94 "C for  30 s, 52  "C  for 
30 s, and 72 "C for 30 s for  30  cycles with a 2-s extension per cycle. The 
resulting PCR products were cloned into the XhoI  cloning site of the 

The abbreviations used are: RACE, rapid amplification of  cDNA 
ends; PCR,  polymerase chain reaction; PIPES, 1,4-piperazinediethane- 
sulfonic  acid; kb, kilobaseb); YACs, yeast artificial chromosomes. 

pGL2-Basic  vector (Promega). Clones  were tested for the sense orien- 
tation and sequenced to verify the sequence of their PCR-derived in- 
serts. This plasmid construct was designated as pGL2-CD36.267. A 
340-nucleotide  probe was synthesized by hybridizing 32P-end-labeled 
oligonucleotide primer P7 (GATCAAATGGTAWCTGCAGG, corre- 
sponding to positions +23 to +43 relative to the transcriptional start site 
determined by 5'RACE-PCR) to the denatured plasmid pGL2-CD36.267 
and extending with Klenow  DNA polymerase. Extended products were 
cleaved with the restriction enzyme KpnI, and  the radiolabeled strand 
was separated from the template by alkaline agarose gel electrophore- 
sis. 2 ng of the purified  probe (with an activity of -lo6 cpm)  were 
resuspended in 30 pl of 40 mM PIPES, pH 6.4,l mM EDTA,  0.4 mM NaCl, 
80% formamide and hybridized overnight at 30 "C with 20 pg of total 
cellular RNA (38). After digestion with 200 units of S1 nuclease (Pro- 
mega) for  30 or 50 rnin at  37 "C, protected fragments were analyzed on 
denaturing  8% polyacrylamide  gels in parallel with a sequencing reac- 
tion of the XCh21ACD36.1 insert with primer P7. 

Prediction of Tkunscription Factor-binding Sites-Prediction of puta- 
tive transcription factor-binding sites was carried out by the C-coded 
program SITIOS (M. A.  Vega),  which includes Release 5.0 of  D.  Ghosh's 
transcription factors data base (39). 

RESULTS 
~ e ~ e r m ~ n a t ~ o ~  of 5'- and 3'-Ends of Human CD36 mRNA by 

RACE-PCR-To delineate the complete structure of the CD36 
gene, the 5'- and 3'-ends of its co~esponding mRNA were de- 
termined by 5'- and 3"RACE-PCR experiments, respectively, 
using the melanoma cell line C32 as  the CD36  mRNA source 
(see "Experimental Procedures"). DNA sequencing of nine 
clones derived from the longest and most abundant 700-base 
pair band obtained as  the  result of the 5"R.ACE-PCR experi- 
ments revealed that seven of them started a t  a common nucle- 
otide, located 79 nucleotides upstream from the first nucleotide 
of the CD36  cDNA published sequence (2) and 289 nucleotides 
upstream from the translational start  site (see F'ig. 2). The 
other two  clones started at  the next 2 3'-adjacent nucleotides. 
Based on this result, nucleotide G, located 79 nucleotides up- 
stream from the first nucleotide of the CD36  cDNA published 
sequence (2) and 289 nucleotides upstream from the ATG trans- 
lational start codon,  will  be considered as  the first nucleotide of 
the first exon of the  human CD36 gene. This assignment was 
further confirmed by S1 nuclease analysis (see below). 

3'-RACE experiments extended the 3'-end of the published 
CD36  mRNA  by 24 nucleotides (2). This newly characterized 
region contained a polyadenylation signal located 21 nucleo- 
tides preceding the sequence C(A),  which appears to be a pre- 
ferred sequence for polyadenylation sites (see Fig. 2) (40). 

Isolation of Genomic Clones Containing  Human CD36 
Gene-Initial screening of a human genomic DNA library in 
phage AEMBL3 with the whole  CD36  cDNA as probe (2) led to 
the isolation of two partially overlapping positive clones. They 
were designated as AEMBL3CD36.8 and AEMBL3CD36.10 and 
contained inserts of 14  and  13 kb, respectively. Analysis of their 
inserts revealed that they contained the exons encoding nucleo- 
tides 410-1831  of the complete mRNA (Figs. la and 2). 
To obtain the  rest of the CD36 gene (that is, the exons en- 

coding nucleotides 1-409 and nucleotide 1832 to the end), we 
first took into account that  the CD36 gene is located on chro- 
mosome 7 (35). Therefore, an EcoRI A Charon 21A library spe- 
cific to chromosome 7 was screened with a 5"RACE-PCR-de- 
rived probe. Two independent phage clones were isolated. 
Restriction fragment  analysis of both of them revealed that 
they were identical. One of them, designated as ACh21ACD36.1 
and which contained an  insert of 5.7 kb, was chosen  for further 
analysis. Restriction fragment  analysis  and DNA sequencing 
revealed that  this clone included the first exon  of the CD36 
gene, comprising nucleotides 1 (the one determined by 5'- 
RACE-PCR) to 106 (Figs. l a  and 2). The screening of the same 
library  with a PCR-derived fragment containing nucleotides 
212-334  of the published CD36  cDNA (2) allowed us to  isolate 
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FIG. 1. a ,  physical map of CD36 gene. Exons are depicted as boxes numbered Z-XV. Black boxes represent coding exons, and shaded boxes 
represent the 5’ -  and  3’-untranslated regions. Znterrupted bars indicate noncontiguous DNA fragments. Regions spanning each of the genomic 
clones are indicated, as  are  their respective restriction maps. Exon sizes are not scaled with respect to the  rest of the map. E, EcoRI; B ,  BamHI; 
P, PstI; H ,  HindIII. PstI and HindIII sites are only displayed for genomic  clones  ACh21ACD36.1 and ACh21ACD36.2. b, alternative mRNA forms 
of CD36. The  drawing depicts the splicings that  take place within the CD36 gene to originate the two mRNA forms of CD36, designated as CD36 
and CD36 alt, respectiveiy. 

one clone, designated  as hCh21ACD36.2, that  had  an  insert of 
4.7 kb  and that contained nucleotides 107409 split  into two 
exons  (Figs. l a  and 2). 

Since the  3”untranslated region of CD36 was  interrupted  at 
the  3’-end of clone hEMBL3CD36.10, to  search for the  rest of 
the  gene, we made  use of one of the YACs containing  the CD36 
gene (YAC37) that was  isolated as described under “Experi- 
mental Procedures.” For this purpose, we first checked by 
Southern  blotting  the EcoRI fragment of  YAC37 that hybrid- 
ized to  the 0.7-kb EcoRI-Sal1 fragment located at the 3’-end of 
the  insert of clone hEMBL3CD36.10. We found out that the 
3’-end of the  gene  was  contained  within a 7-kb EcoRI fragment. 
Therefore,  a partial  library  was  constructed  in  the plasmid 
vector pUCBM21 with YAC37 EcoRI-derived fragments  rang- 
ing in size from 6.5 to 7.5 kb.  The  library  was  screened  with  the 
0.7-kb EcoRI-Sal1 probe. Out of the  16 positive clones obtained, 
one clone, designated  as YAC37CD36.4, was selected  for fur- 
ther  analysis. DNA sequencing revealed that it contained  the 
probe used for the  screening at one of its ends  and  uninterrupt- 
edly extended  into  the  3”untranslated region of the CD36 
cDNA down to  the  end of the mRNA (Fig. la) .  

Noguchi et al. (41) have  recently  isolated some cDNA clones 
from a variant of the  erythroleukemia cell line K562 that dis- 
played a different 3’-untranslated region of 623  base  pairs that 
started  immediately  after  the TAA stop codon. Analysis of clone 
YAC37CD36.4 revealed that this region was  contained  within 
an additional exon,  located 1.9  kb  downstream from exon XIV, 
and  that  it  presented a consensus acceptor  splicing site at its 
5”flanking region  (Fig. 2). The nucleotide  sequence of this new 
exon agreed  with that reported by Noguchi et al. (41),  except 
that we found 1 additional T  nucleotide at position 425. The 
expression of this exon requires that the nucleotides in exon 
XIV immediately  after  the TAA stop codon act as an  internal 
donor  splicing site  (in  fact, its nucleotide  sequence (GTAAGT) 
exactly matches  the  consensus sequence  described  for  acceptor 
sites), removing the  rest of the exon and  joining  the TAA se- 
quence to  the nucleotides of exon XV (Figs. l b  and 2). This 

” 

alternative mRNA form has also been found in two other leu- 
kemia cell lines,  HEL  and  THP-1 (41). Whether its expression 
is cell type-dependent or whether  it  serves as a regulatory 
mechanism for CD36 expression is so far unknown.  A  physical 
map  displaying  the  relative locations of the CD36 exons and  the 
regions covered by each of the isolated and  analyzed genomic 
clones is shown in Fig. l a .  

Structure  and  Organization of Human CD36 Gene-The or- 
ganization of the CD36 gene was deduced from the  analysis of 
different clones, each  containing  part of the gene.  Such analysis 
included DNA sequencing basically on the exons,  exon-intron 
boundaries,  and 5’- and  3”flanking sequences;  extensive re- 
striction  mapping;  Southern  hybridization  with different frag- 
ments  and oligonucleotides derived from CD36 cDNA, and  use 
of PCR to  determine  distances between adjacent exons. The 
results  obtained from these  experiments  are  summarized  in 
Figs. la and 2 and Table  I. 

EcoRI fragments of the CD36 gene that included coding re- 
gions  were equivalent to those identified by Southern blots of 
EcoRI-digested human DNA probed with CD36-derived probes 
(2). This observation is  consistent with the existence of a single 
copy of the CD36 gene within  the  human genome. 

The nucleotide  sequence of all exons coincided with  the pub- 
lished sequence of the cDNA (2), except that we found an  insert 
of 4  nucleotides (GAAT) adjacent  to  the 3’-end of the  termina- 
tion codon, which is also  found in  the cDNA clones isolated by 
Noguchi et al. (41)  (Fig. 2). The  high degree of sequence con- 
servation, as observed when  the published CD36 cDNA se- 
quence (2)  was compared with  the sequence deduced from the 
several genomic clones isolated,  suggested that polymorphism 
of the CD36 gene was  not extensive. 

Analysis of the  isolated CD36 genomic clones allowed us  to 
conclude that the  human CD36 gene  consists of 15 exons and 
extends at least 32 kb on the q11.2 band of chromosome 7  (Figs. 
la and 2 and Table I) (35). Intron sizes vary from >5.9 kb 
(introns I11 and X I V )  to only 0.5 kb  (intron 11). Most exons 
(V-XV) are  contained  within a region of <16 kb. Within it, two 
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gcacagtccat ..... 0.7kb ..... t t c c a a t t g a c t c t t a a a a c t t g t c t t c a g ~ ~ 6 ~ ~ ~ T T T ~ A T ~ ~ ~ ~ ~ ~ G Q A T T ~  

- T ~ T ~ ~ T A ~ g t a a g a a a a c a c c t t a t t g a t c t g a t t t g g . . . . . O . ~  kb ..... t t g g t a a t t a t t t a g t t g t t c t c t t t t t a g A T ~ G Q A T T C A C T  

~ ~ ~ A T T ~ ~ T T ~ t g a g t c t c t t g a a ~ ~ t g g t t a t t t t g a t a  ..... 0.6 kb ..... gttcataattattttcaacgtattacag 
A ~ A ~ M T ~ t t t g t a t t t g c a g c t g t t a g t c a t t a a a a  ..... 0.1 kb ..... aaataatgttgattattaacttgattacagAC E x o n   X I 1 1  -> 

M - ~ T ~ ~ T ~ ~ W T ~ ~ ~ ~ T ~ A T ~ ~  
V L K N L K R N Y I V P I L W L N E  E x o n   X I V  -> T 

G T I G D E K A N M F R S Q V T G K I N L L G L I E M I L L S V G V V M F V A F M I S Y  
T T ~ ~ T I V \ T A T T ~ A T A T A ~ ~ ~ - T T A ~ ~ T A ~ ~ A T A T A ~ C T A  

O A C A T a T T M T ~ T ~ T ~ ~ ~ - ~ - T  

A ~ T ~ C C a a a a t t g a c t g g t t c a t t t c t c a a t t a t a t  ......... 1.9 kb ........... ccacaactgaat tgat t tccgt t tc tacagACXXQWTCAAWA 

~ T T T ( Y P O T T O T T ~ ~ T T ~ T ~ T ~ T T ~ T ~ T T ~ Q T A C A T ~ ~ - ~ ~ T - ~ T C C T U T ~ T ~ -  

6 " A T T ~ ~ T C T C ~ - T A T ~ ~ T ~ C A ~ ~ T A T T T T ~ T T T A T ~ T ~ T T ~ T A T ~ U T A T T T ~ A T Q A A T - T C A T ~  

~ A T - C T T T T C T T T A T ~ ~ T A T T T T ~ ~ ~ T C C T - T - T U T T T T ~ ~ ~ A T A T T T T ~ ~ T T m W Q T T W ~ C T T ~ T T ~  

~ ~ T T T T ~ T T T T T T T T T T T ~ T ~ ~ T ~ T C T T ~ T - T T m - T T ~ T Q T ~ T ~ T ~ T T A T T ~ A T ~ T A T T ~ ~ A ~ T T  

~ A T T U T T A T I V \ T A T T T T T T ~ ~ T I V \ T ~ C A T ~ T T ~ T T ~ T A T Q T T ~ ~ a a a t t c c t g t g c t t t t t c t a g t t c c t c t t g  . . . . . . . . . . .  

E x o n V - > V R F L A K E N V T Q D A E D N T V S  

F L Q P N G A I F E P S L S V G T E A D N F T V L N L A V A  

E x o n V I - > A A S H I Y Q N Q F V Q M I L N S L I N K S K S S M F Q V R T L R E  

E x o n V I I - > Y N N T A D G V Y K V F N G K D N I S K V A I I D T Y K G K R  

E x o n V I I I - >  N L S Y W E S ti C D M I N G T 

E x o n I X - > D A A S F P P F v E K S Q V L Q F F S S D I C R  

A F A S P V E N P D N Y C F C T E K I I S K N C T S Y G V L D I S K C K E  

E x o n X I - > G R P V Y I S L P H F L Y A S P D V S E P I D G L N  

E x o n  X I 1  -> I T G F T P N E E E H R T Y S D I E P  

L Q F A K R L Q V N L L V K P S E K I Q  

C A C R S K T I K  

E x o n  XV -> 

30 

4 9  

9 4  

113 

143 

1 7 7  

203 

234 

24 9 

27 3 

298 

3 3 5  

361 

380 

400 

419 

4 63 

472 

FIG. 2. Sequence of exons of CD36 gene and  their flanking regions. Exon sequences are in boldface  upper-case  letters. Intron sequences 
are  in Zightface lower-case  letters. Exons are numbered I-XV. Encoded amino acids are shown below the second base of each codon in single-letter 
code and are numbered 11172 at the right. Distances between exons are indicated. Nucleotide sequences derived  from  RACE-PCR experiments are 
underlined. The  B'-RACE-PCR-derived  sequence is  in  the first l ine,  and  the 3'-RACE-PCR-derived sequence is in  the last  line. The overlined 
nucleotides indicate the 4-nucleotide sequence not present in the published sequence of CD36 cDNA (2). 

TABLE I 
Exons in  human CD36 gene 

Exon  Exon Corresponding 
cDNA 

nucleotides number length no. phase 
Amino acids 

encoded 
Intron Amino acid Intron size 

I 
I1 
I11 
Iv 
V 

VI 

VI11 
VI1 

M 
X 

XI 
XI1 

XI11 
XIV 
xv" 

106 
94 

209 
161 
148 
180 
92 
47 
70 

188 
119 
74 

434 
55 

624 

107-200 
1-106 

201409 
410-570 
571-718 
719-898 
899-990 
991-1037 

1038-1107 

1296-1414 
1108-1295 

1415-1488 
1489-1543 
1544-1977 
1709-2333 

1-40 
41-94 

144-203 
95-143 

204-234 
235-249 
250-273 
274-335 
336375 

401-418 
376-400 

419-472 

40 

49 
54 

60 
31 

24 
15 

62 
40 
25 
18 
54 

kb 
>5.6 
0.5 

>5.9 
4.4 
1.7 
1.4 
1.6 
3.7 
0.9 
0.7 
0.6 
0.6 
0.7 
1.9 

0 
2 
0 
0 
2 

2 
1 

0 
1 

2 
0 

generating an alternative mRNA CD36 form (see Fig. Ib) .  
a At position 1709 within exon m, there is an internal splicing donor site that can join nucleotide 1708 to the first nucleotide of exon Xi', thus 

exon clusters can be defined, one comprising exons V-VI11 (en- 
coding nucleotides 571-1037 of the mRNA) and  the other com- 
prising exons IX-XIV. Although this cluster  extends <4.5 kb, it 
encodes about half of the CD36 mRNA. 

Of note is the existence of two 5'-untranslated exons (I and 
11) of similar sizes. Exon I contained nucleotides 1-106, while 
exon I1 spanned nucleotides 107-200. Exon  I11 contained the 

last 89 nucleotides of the 5'-untranslated region and encoded 
the NH,-terminal cytoplasmic and transmembrane domains. 
Exons IV-XIII and  part of  exon XIV encoded the extracellular 
domain. Amino acid regions encoded  by these exons ranged 
from 62 amino acids in exon X to only 15 amino acids in exon 
VI11 (Table I). No homologous  exons,  possibly emerging by du- 
plication, were noted  upon comparison of their sequences. The 
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cysteine cluster located at the  half  COOH-terminal region of 
the  extracellular  domain  (2)  was  split  into  three exons with  the 
following distribution: Cys-243 in exon VIII; Cys-272 in exon 
Ix; and Cys-311, Cys-313, Cys-322, and Cys-333 in exon X. As 
occurred for the NH,-terminal  cytoplasmic and  transmem- 
brane  domains,  the  COOH-terminal  transmembrane  and cyto- 
plasmic  regions were  contained  in a single exon (exon XIV), 
which also  included a small portion of the  extracellular domain. 

All the splice acceptor and donor  sequences conformed to  the 
consensus rule for  splicing (42). Of the 11 splice junctions found 
around coding exons, 46%  occurred between codons (type 01, 
18% occurred after  the  first nucleotide (type 11, and 36%  oc- 
curred  after  the second nucleotide of a codon (type  2) (Table I). 
These  data  can be  compared to  the  values of  41% type 0, 36% 
type 1, and 23% type 2  previously reported for vertebrate  genes 
(43).  Such a diversity in  the  type of intron  phases  limits  the 
number of mRNA forms  that  might  arise by exon deletion  while 
maintaining  the  same open reading  frame. 

Determination of Panscription  Initiation  Site of CD36 
Gene-To confirm the  result of the 5’-RACE-PCR experiment 
with  respect  to  the  transcription  initiation  site of the CD36 
gene, S1 nuclease  analysis  was  carried  out  with a 340-nucle- 
otide single-stranded 32P-end-labeled antisense DNA fragment 
(see  “Experimental Procedures”).  After  hybridization with  total 
RNAfrom C32 or HeLa  cells and S1 nuclease digestion, a small 
cluster of protected bands,  centered  around a size of 43 nucle- 
otides, was observed only with RNAfrom  CD36-expressing  C32 
cells (Fig. 3). The size of the  most  abundant protected band  was 
in perfect agreement  with  the  transcription  initiation  site iden- 
tified by B‘-RACE-PCR. Taken together, 5”RACE-PCR and S1 
nuclease  analysis  demonstrate that  transcription  initiation of 
the CD36 gene starts at a single position  located  289 nucleo- 
tides  upstream from the ATG translational start codon. This 
result  agreed  with  the presence of a consensus TATA box 28 
nucleotides upstream from the  transcription  initiation  site  (see 
“Discussion”). 

Structure of Proximal  Promoter Region of CD36 Gene-We 
have  also  determined  the  primary  structure of the proximal 
region of the CD36 promoter. Computer  analysis of the 5‘- 
flanking region and  the first exon of the CD36 gene revealed 
the existence of consensus sequences  for  promoter element 
TATA and CAAT boxes at positions -28 and -121, respectively, 
and for several known DNA cis-acting regulatory  elements 
(Fig. 4; see “Discussion”) (39). 

DISCUSSION 

This  paper describes the  structural  organization of the  gene 
encoding for the CD36 glycoprotein and  the  characterization of 
its transcription  initiation  site.  Determination of the organiza- 
tion and  structure of the CD36 gene provides the  basis for 
investigation of the  regulation,  tissue specificity, expression, 
and pathogenic  processes in which CD36 is involved. 

The CD36 gene  consists of 15 exons and  extends at least 32 
kb  on  the q11.2 band of human chromosome 7. A  physical map 
displaying  the  relative locations of the CD36 exons and  the 
regions covered by each of the  isolated  and  analyzed genomic 
clones is  shown  in Fig. 1. 

The  delineation of the  structure of the CD36 gene  constitutes 
the  first description of the genomic organization of a member of 
the  gene family  formed by the  structurally  related glycopro- 
teins CD36, CLA-1, and  LIMPII (34). Partial  data  support  that 
CLA-1 and  LIMPII  genes  may  display genomic organization 
similar  to  that of the CD36 gene.’ In  this  sense, we have  re- 
ported the existence of a spliced form of CLA-1 (34). Assuming 
that CLA-1 possesses the  same genomic structure as CD36, the 

* D. Calvo and M. A. Vega, unpublished observations. 

30 - 50 

4- 

FIG. 3. Determination of transcriptional start site of CD36 
gene by S1 nuclease  analysis. S1 nuclease  analysis  was performed 
by annealing a 340-nucleotide single-stranded 32P-end-labeled CD36 
genomic probe to 20 pg of total RNA from C32 or HeLa cells and 
digesting the mixture  with S1 nuclease for 30 and 50 min. Samples were 
analyzed on denaturing polyacrylamide gels. Undigested probe is 
shown on the left.  The arrow points  to the major protected fragment. 

spliced form of CLA-1 would lack exons IV and V. Although 
mRNA forms arising by alternative splicing of coding exons 
have  not been reported for CD36, a shorter CD36 mRNA form 
present  in monocytes has been  documented  (44). In  this  regard, 
elucidation of the  structural  organization of the CD36 gene 
provides the  structural  basis  to  examine  the existence of alter- 
native splicing  forms. 

We have also  identified a single  major  transcription  initia- 
tion  site for the CD36 gene. This  site  was  appropriately located 
with  respect  to a consensus TATA  box. Besides the  regular 
translation  initiation codon at position +290 (located in exon 
III),  there is an  ATG codon within  the  first exon at position +62 
(Fig. 2). Translation  starting at this position would originate a 
protein  19  amino acids  long before reaching a stop codon lo- 
cated at position +119 in exon 11. Such  upstream codons are 
present  in  many protooncogenes (45). Removal of upstream 
ATG codons in  the lck protooncogene activates  translation  and 
is associated with oncogenic transformation (46). Thus,  the 
most  upstream ATG sequence of the CD36 gene  might play a 
role in  translational control. Clearly, these  observations de- 
serve  to be investigated. 

A total of 11 exons  (exons IV-XI11 and  part of exon XIV) 
encode the  extracellular  domain (Table I). The  large  number of 
exons  encoding the  extracellular  domain  may be a consequence 
of the multiplicity of interactions in which CD36 seems  to be 
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-273 

-223 

-173 

-123 

-7 3 

-23 

+28 

+78 

NF1 P W l W  
I 1 I 

CTGGCCTCTG ACTTACTTGG ATGGGAAATA GCCAAAAAAA AAAAAAATGC 

CK-2 yIFN GR I PR 

TGAATATCTC AGATATAGGT AATGGGTCTT CACCAGAACA TAAAAATAGA 
" - 

DLT I D M  

' PuF - 
CCCTTATTAG CCATATCAGT AATGTGCTGG GTGGGGGATT TTTTTTTTCT 

-I CAAT box NF1 
AP-2 - - 

TTCAATTCCT CTGGCAACAA ACCACACACT GGGATCTGAC ACTGTAGAGT - - 
PU box Ap-3 

P W l W  71 TATA bm 
CK-1 

I I 
GCTTTCTCTT CTCTTTTTTT GGGGGGGGGA GGGGGTGTGG TTGCATATTT 

I 

AP-2 
CEBP +I NF-rB 

1 
AAACTCTCAC GCATTTATGT AATGAGGACT GCAGTGTAGG ACTTTCCTGC 

-I+ - - 
rlFN 

- 
AP-3 - 

PEA-3 

AGAATACCAT TTGATCCTAT TAAGAATTGT CCAAATGTTG GAGCATTTGA 

TTGAAAAATC CTTCTTAGCC ATTTTAAAm taagttgtat gatttttaaa 

FIG. 4. Structure of 5'-proximal  promoter region of CD36 gene. 
Nucleotides of the first exon  are  underlined  and  in  upper-case italic 
letters.  Nucleotides of the first intron  are  in  lower-case  letters. All num- 
bering is relative to the transcriptional start site. The  arrow indicates 
the direction of transcription. Marked regions  correspond to consensus 
sequences for the indicated cis-acting regulatory elements. pur/ 
pyr, purinelpyrimidine; 7-IFN, y-interferon; GRIPR, glucocorticoid 
responsdprogesterone response; CIEBP, CCAAT/enhancer-binding 
protein. 

involved (4-20) and  suggests  that  the polypeptide chain  may be 
organized into  discrete portions that either alone or  in combi- 
nation can  constitute  independent  structural and/or functional 
domains. In this regard,  Leung et al. (8) have  reported  that 
amino  acids 93-110 (encoded by exon V) and 139-155 (most of 
them encoded by exon VI) are implicated in  the  interaction of 
CD36 with thrombospondin. Interestingly,  they  have proposed 
that binding of region 139-155 to  thrombospondin exposes 
CD36-binding site 93-110, resulting  in a stable  interaction 
with  the  ligand.  On  the  other  hand,  the region spanning  amino 
acids 97-110 (encoded by exon V) supports  binding of CD36 to  
I? falciparum-infected erythrocytes (9).  Altogether, the above 
results reinforce the proposal of the existence of discrete 
functionallstructural  domains  in CD36 and  highlight  the im- 
portance of residues encoded by exons V and VI in some of the 
interactions  mediated by CD36. Therefore, the elucidation of 
the exon-intron organization of the CD36 gene constitutes an  
interesting  theoretical  framework  to  investigate  the  structure- 
function relationship of this family of proteins by exon-shuf- 
fling experiments  with  the  related CLA-1 and LIMPII  genes. 

Comparison of the CD36, LIMPII, and CLA-1 amino acid 
sequences  revealed that human CD36 is more similar to  rat 
CD36 than to  human  LIMPII  and CLA-1.2Amino acid  sequence 
identity between human  and  rat CD36 reaches 85% (15). When 
both sequences are compared exon by exon, identity  ranges 
from 76% in exon XI1 to 93.5% in exon VII.  Therefore, varia- 
bility  between human  and  rat CD36 appears  dispersed all 
along the polypeptide chain.  Practically  the  same  variability 
pattern is obtained  when  amino acid  sequences of human 
CD36, CLA-1, and LIMPII are compared  (34). 

We have  also  determined  the nucleotide  sequence of the 
proximal  region of the CD36 promoter  (Fig. 4). Although there 
is little  information  regarding  the  cellular  factors that modu- 
late CD36 expression, an abundance of transcription-binding 
sites  was predicted to  exist  within  the proximal  region of the 
CD36 promoter, suggesting  that a complex transcription 
scheme will control the expression of the CD36 gene.  Besides 

the TATA and CAAT boxes appropriately located with  respect  to 
the  transcriptional  start  site (471, two ubiquitous  NF1  sites 
were  predicted at positions -111 and -252 (48). Phorbol ester- 
responsive elements AP-2 (at positions -53 and -145) (49), 
"-3 (at positions  +16 and -105) (501, a resembling NF-KBIrel 
(at position + E )  (51), and PEA-3 (at position +20)  (52) may be 
involved in the  regulation of CD36 mRNAexpression by protein 
kinase C-mediated mechanisms.  In  fact, phorbol esters induce 
the expression of CD36 in myelomonocytic cell lines, while hav- 
ing  the opposite effect on microvasculature  endothelial cells 
(31). Induction of CD36 expression by y-interferon in  keratino- 
cytes  (29) and  dermal microvascular endothelial cells (31) may 
be dictated by the  putative y-interferon response  elements  (53) 
found at positions -7 and -207. The presence of several purine1 
pyrimidine-rich  regions  (sequences with a purine  bias  in one 
strand) found  between  nucleotides -60 and -39, -145 and -122 
(this region  included a purine factor site at position -1451, and 
-240 and -227 (54, 55)  may  have special  relevance in CD36 
gene regulation.  These regions of nuclease  hypersensitivity oc- 
cur  predominantly in the 5"region of genes  and  seem  to  have 
important roles in  transcriptional  regulation.  Interestingly, a 
purine factor-binding  factor is  required for accurate  transcrip- 
tion of the c-myc gene from its second promoter (54). The cyto- 
kine-specific sequences CK-1 and CK-2, located at positions 
-37 and -215, respectively, are found in  the promoter se- 
quences of some  cytokine  genes.  Regulation of transcription of 
the granulocyte-macrophage  colony-stimulating  factor  gene 
has been demonstrated upon binding of nuclear  factors  to  these 
motifs (56). It  is  therefore conceivable that CD36 gene  expres- 
sion may  also be controlled through  similar  mechanisms.  The 
presence of a putative  binding  site at position -9 for transcrip- 
tion factors of the CCAAT/enhancer-binding protein family (57) 
would be consistent  with  the  reported  transcriptional effect 
that CCAATlenhancer-binding protein factors have on the dif- 
ferentiation of preadipocytes to adipocytes (58) and promono- 
cytes to monocytes (59) and  therefore on the induction of CD36 
expression during  these processes (15, 33). The macrophage- 
and B cell-specific transcriptional  activator  PU.l factor (601, 
predicted to  bind at site -218, could contribute  to  the monocyte1 
macrophage  expression of CD36. Glucocorticoids and  steroid 
hormones, via the GFUPR response element predicted at posi- 
tion -189 (61), may  exert  important  regulatory effects on the 
modulation of CD36 expression in macrophages and  endothe- 
lial cells during  inflammatory  responses  and  in  the control of 
the  induction of CD36 expression in preadipocytes treated  with 
dexamethasone (15). The role of the  promoter region in  deter- 
mining  transcriptional  regulation  and  tissue specificity of the 
CD36 gene is currently  under investigation. 
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